This study proposes a method for detection of uncut crop edges using multiple sensors to provide accurate data for the autonomous guidance systems of head-feeding combine harvesters widely used in the paddy fields of Japan for harvesting rice. The proposed method utilizes navigation sensors, such as a real-time kinematic global positioning system (RTK-GPS), GPS compass, and laser range finder (LRF), to generate a three-dimensional map of the terrain to be harvested at a processing speed of 35 ms and obtain the crop height. Furthermore, it can simultaneously detect the uncut crop edges by RANdom SAmple Consensus (RANSAC). The average of the lateral offset value and crop height of the uncut crop edge detected by the proposed method were 0.154 m and 0.537 m, respectively.
I Introduction

1
Crop harvesting in a field environment requires a high 2 level of concentration because the operator has to 3 simultaneously control the travel speed and direction of 4 the harvesting machine while adjusting the height of the 5 header after considering numerous parameters including 6 crop height, biomass density, and other terrain conditions. 7
However, it is challenging for the operator to maintain 8 his or her health and physical condition because of the 9 long hours operating the harvester under unfavorable 10 environmental conditions such as the dust particles 11 suspended in midair and noise and vibrations generated 12 from the machine while harvesting. To overcome this 13 challenge, autonomous guidance systems that perform 14 the required tasks without human control are being 15 developed to automatically steer the unmanned 16 harvesters along the edges of uncut crops. 17
In contrast to a system that helps the operator control 18 the harvesting during operation by guiding the harvesting 19 machine along the prearranged target path, the 20 autonomous guidance system performs unmanned 21 harvesting and can be used to replace all field operations 22 performed by the operator (Kise et al., 2005) . The 23 autonomous guidance system does not rely on the 24 experience and proficiency of the operator and is able to 25 enhance work stability and productivity because the 26 system allows the harvesting machine to automatically 27 travel fast and accurately along the target path while 28 harvesting as it detects the surrounding environment. The 29 autonomous guidance system utilizes the following 30 functions for unmanned travel and harvesting. First, by 31 using the navigation sensors mounted on the harvesting 32 machine, the current position of the harvester is 33 estimated in real-time and uncut crop edges are detected 34 by sensing the surrounding environment. Next the target 35 path is determined together with the travel direction and 36 speed of the harvesting machine, which allows the 37 harvesting machine to travel and perform tasks without 38 damaging the crops. Finally, the harvest machine is 39 automatically steered, precisely running on the planned 40 target path. To fulfill these functions, the autonomous 41 guidance system requires on-board navigation sensors 42 and methodologies satisfying the sensor characteristics to 43 provide guidance information that can be used for path 44 Mitsubishi Farm Machinery Co., Ltd., developed an 3 automatic traveling control system that can follow crop 4 rows and turn at the end of rows by detecting the uncut 5 crops with a contact sensor and gyroscope mounted on 6 head-feeding combine harvesters (Sato et al., 1996) . A 7 team of researchers from the Carnegie-Mellon University 8
and National Aeronautic and Space Administration 9 (NASA) used a color camera mounted on a hay 10 windrower to develop an automated guidance system 11 that can travel and perform harvesting tasks along the 12 uncut crop edges detected in real-time, which was 13 successfully tested for harvesting in a field of alfalfa 14 To compensate for the signal errors generated by the 6 sensors, a virtual reference station (VRS) system was 7 used.
A personal digital assistance device 8 (HewlettPackard Co., Ltd., iPAQ hx2190b) and mobile 9 phone (Docomo Co., Ltd., FOMA P2403), both installed 10 with global navigation satellite system software, were 11 used as reference stations. Using the VRS RTK method, 12 a positioning accuracy of up to ±3cm was achieved. First, the data in the polar coordinates system acquired 1 from the LRF and extrinsic parameters ( , ℎ ) of 2 the LRF are substituted in Eq. (1), and then converted 3 into data in the Cartesian coordinates system, which can 4 be expressed in space. Next, the absolute position 5 data acquired from the RTK-GPS is converted to data in 6 the transverse mercator coordinates system, which 7 assumes the absolute position of the RTK-GPS mounted 8 on the harvester at the beginning of the harvesting task as 9 the center of origin. Lastly, the sensory data converted by 10 the above process, heading angle (φ) of the harvester, 11 and extrinsic parameters ( , ) of the LRF are 12 substituted in Eq. (2) and then converted into data in the 13
Cartesian coordinates system, which can be expressed in 14 W space. The converted data is consecutively saved in a 15 dynamic array until the head-feeding combine harvester 16 reaches the end of the row. 17 cos sin sin sin cos
where is the measurement angle acquired from the LRF, is the reflection distance acquired from the LRF, and and ℎ are the tilt angle and the height of the LRF from the ground, respectively.
(1) cos sin 0 sin cos 0 0 0 1
where , , are values acquired from the RTK-GPS converted into values in the transverse mercator coordinates system, φ is the heading angle of the head-feeding combine harvester, and and are the longitudinal and transverse distances from the RTK-GPS to the LRF.
The LRF data transformed into Cartesian coordinate 18 system data was used for the discrimination of the 3D 19 points generated into the uncut crop and ground areas. 20
Because the head-feeding combine harvester performed 21 harvesting while traveling counter clockwise in this 22 study, the uncut crop area was located on the left side 23 and the ground area on the right side of the border points 24 obtained from the LRF data. becomes maximum, by using Eq. (3) (Kimberling, 1998) . 32
Because the resulting denotes the outermost 33 boundary point of the uncut crop area, as shown in Fig. 6 Table 2 , indicates the average of 51 y-axis values of the uncut crop edge, as shown in Fig. 11 . 52
Moreover, the "average crop height" for each zone refers 53 to the average of the values of the 3D points 54 (expressed in green in Fig. 10 ) that are distinguished as 55 uncut crop area of the generated 3D terrain map. 56 Table 3 shows the average perpendicular distances of 57 the determined uncut crop edge from the set of boundary 58 points used for RANSAC and the inlier ratio of the set of 59 boundary points for each harvest section. The inlier ratio, 60 shown in Table 3 
